In porcine oocytes, acquisition of meiotic competence coincides with a decrease of general transcriptional activity at the end of the oocyte growth phase and, specifically, of ribosomal RNA (rRNA) synthesis in the nucleolus. The present study investigated the regulation of rRNA synthesis during porcine oocyte growth. Localization and expression of components involved in regulation of the rRNA synthesis (the RNA polymerase I-associated factor PAF53, upstream binding factor [UBF], and the pocket proteins p130 and pRb) were assessed by immunocytochemistry and semiquantitative reverse transcription-polymerase chain reaction and correlated with ultrastructural analysis and autoradiography following [ 3 H]uridine incubation in growing and fully grown porcine oocytes. In addition, meiotic resumption, ultrastructure, and expression of p130, UBF, and PAF53 were analyzed in growing and fully grown porcine oocytes cultured with 100 M butyrolactone I (BL-I), a potent inhibitor of cyclin-dependent kinases, to gain insight concerning the regulation of rRNA transcription during meiotic arrest. Immunocytochemical analysis demonstrated that p130 became colocalized with UBF and PAF53 and that the intensity of the PAF53 labeling decreased toward the end of the oocyte growth phase. These data suggest that the decrease in rRNA synthesis is regulated through inhibition of UBF by p130 as well as by decreased availability of PAF53. Moreover, expression of mRNA encoding PAF53 was decreased at the end of the oocyte growth phase. At the morphological level, these events coincided with inactivation of the nucleolus, as visualized by the transformation of the fibrillogranular nucleolus to an electron-dense fibrillar sphere with remnants of the fibrillar centers at the surface. Meiotic inhibition with 100 M BL-I had a detrimental effect on the ability of porcine oocytes to resume meiosis and on nucleolus morphology, resulting in a lack of RNA synthetic capability as the fibrillar components, where rRNA transcription and initial processing occur, condensed or even disintegrated. follicular development, gamete biology, oocyte development
INTRODUCTION
In vitro production of porcine embryos, including in vitro maturation (IVM) of oocytes followed by in vitro fertilization and in vitro culture, may result in live offspring, but it is still associated with great inefficiencies [1] . Prevalent problems are a high proportion of polyspermic fertilization and low numbers of developmentally competent blastocysts [2] . These problems are thought to result mainly from insufficient cytoplasmic maturation of the oocyte in vitro [3] . It has been demonstrated in mice [4] , goats [5] , sheep [6] , and cattle [7] that the oocyte, during folliculogenesis, progressively acquires the ability to resume and progress through meiosis and to sustain embryonic development. The ability to resume meiosis (i.e., to undergo germinal vesicle breakdown [GVBD] ) is acquired by porcine oocytes when they approach the end of the growth phase in antral follicles greater than 0.8 mm in diameter, which is well before they acquire the capacity for completing meiotic maturation to metaphase II at a follicular diameter of greater than 2 mm [8, 9] . Acquisition of full meiotic competence coincides with a markedly decreased rate of transcription in the oocyte and a complete inactivation of the ribosomal RNA (rRNA) synthesis in the nucleolus of the gamete [10, 11] .
Transcription of the rRNA genes and the subsequent processing of rRNA to the formation of preribosomal particles are spatially organized within the nucleolus [12] . The three major nucleolar compartments are the fibrillar centers (FCs), the surrounding dense fibrillar component (DFC), and the granular component (GC; for review, see [13] ). The FCs harbor the enzymatic machinery for the transcriptional process, the DFC carries the primary nascent transcript, and the GC represents processed transcripts associated with proteins in the form of preribosomal particles. Initiation of transcription of the rRNA genes requires the formation of the transcription initiation complex, consisting of RNA polymerase I (RNA Pol I), RNA Pol I-associated factors, and at least two specific transcription initiation factors, the species-specific selectivity factor 1 (SL-1) and the upstream binding factor (UBF) (Fig. 1) [14, 15] .
Formation of the transcription initiation complex requires interaction between RNA Pol I and an RNA Pol Iassociated factor, PAF53, which promotes the interaction between RNA Pol I and UBF ( Fig. 1) [16] . The mechanism by which UBF activates rRNA gene transcription involves formation of dimers [17] , binding of UBF to the upstream promoter element of the rRNA genes [18] , and interaction between UBF and the rRNA gene transcription initiation factor SL-1 [19] . SL-1 is a multimeric protein containing the TATA-binding protein (TPB) and at least three TPBassociated factors that are specific for transcription by RNA Pol I [20] . The rRNA gene promoters lack a TATA-box, and SL-1, by itself, does not bind to the rRNA gene core promoter element [21] . Therefore, binding of SL-1 is mediated through interaction with UBF [22] . Once bound to UBF, SL-1 is in direct contact with the rRNA gene promoter and directs promoter-specific initiation of transcription and, thereby, rRNA synthesis.
Synthesis of rRNA plays a key role in the maintenance of cell function and is closely correlated with the growth and cell-cycle state [23] . In somatic cells, the growth-dependent control of rRNA synthesis is primarily mediated by posttranslational modifications, such as phosphorylation, of basal transcription factors, such as UBF. The activity of UBF and, thus, rRNA synthesis can also be altered by the so-called pocket proteins. The retinoblastoma family of pocket proteins includes the tumor-suppressor pRb and the related p130 and p107 multifunctional proteins, which are involved in cell-cycle regulation, cell growth, cell differentiation, and cell death [24, 25] . Recently, both p130 and pRb were found to inhibit rRNA synthesis through direct binding of UBF [26] [27] [28] [29] .
The molecular mechanism by which rRNA gene transcription is downregulated toward the end of the oocyte growth phase is, to a large extent, unknown. Therefore, the goal of the present study was to examine the nucleolar ultrastructure and RNA synthetic capacity in growing and fully grown porcine oocytes and, in parallel, to analyze the mRNA expression and location of UBF and PAF53 as well as the pocket proteins pRb and p130.
To gain insight concerning the relationship between the regulation of rRNA transcription and the mechanisms controlling the meiotic cell cycle, we employed the cell cycleinhibitor butyrolactone I (BL-I), which inhibits cyclin-dependent kinases (cdks) in bovine and porcine oocytes, resulting in arrest at the germinal vesicle (GV) stage [30] [31] [32] [33] . In growing bovine oocytes, the meiotic arrest induced by BL-I correlated with a decrease in RNA synthesis and changes of the nucleolus morphology. To our knowledge, the effect of BL-I on RNA synthesis and nucleolus ultrastructure in porcine oocytes has not been examined and, therefore, was included in the present investigation.
MATERIALS AND METHODS
The chemicals were purchased from Sigma Chemical Co. (St Louis, MO) unless otherwise indicated.
Oocyte Collection
Follicles were dissected from porcine ovaries obtained from a slaughterhouse and divided into the following four categories according to their diameter: small (0.3-0.7 mm), medium-small (0.8-1.2 mm), medium-large (1.8-2.2 mm), and large (3-5 mm). Follicles were then placed into Petri dishes with basic culture medium (BM) of the following composition: TCM 199, 0.75% NaHCO 3 , 9.5 mM Hepes, 1.82 mM sodium pyruvate, 50 IU/ml of penicillin K salt, 50 IU/ml of streptomycin sulfate, and 125 ng/ml of amphotericin B. Oocytes were isolated from follicles with fine forceps and preparation needles, then picked up and transferred to different culture media. For general culture of oocytes, BM was supplemented with 3 mg/ml of polyvinyl alcohol (BM-PVA). The oocytes incubated with or without BL-I were distributed for 1) [ 3 H]uridine incubation, autoradiography, and transmission electron microscopy (TEM); 2) whole-mount immunolabeling; or 3) reverse transcription-polymerase chain reaction (RT-PCR).
Incubation with BL-I
In the experiment specifically examining the cell-cycle arrest on the RNA activity, cumulus-oocytes complexes (COCs) from small, mediumsmall, and large follicles were allocated to 500 l of BM-PVA supplemented with 100 M BL-I (Funakoshi, Tokyo, Japan), referred to hereafter as meiosis-inhibiting medium (MIM), and cultured in four-well Nunclon dishes (Roskilde, Denmark) under mineral oil for 24 h. Subsequently, COCs were washed four times in BL-I-free BM and submitted to IVM in TCM 199 maturation medium (MM; TCM 199, 10% fetal calf serum, 0.75% NaHCO 3 , 9.5 mM Hepes, 200 mM L-glutamine, 50 IU/ml of penicillin K salt, 50 IU/ml of streptomycin sulfate, and 1 IU/ml of FSH) for 44 h. A control group of COCs from large follicles was submitted to IVM in MM for 44 h directly after isolation. At the end of the 44-h maturation culture, COCs were harvested for analysis of nuclear maturation by acetoorcein staining. For study of nucleolus morphology and RNA synthetic capacity, COCs from small, medium-small, and large follicles were harvested from the MIM culture at 4 and 24 h and processed for [ 3 H]uridine incubation, autoradiography, and TEM. Furthermore, COCs harvested at 24 h were processed for RT-PCR. All cultures were carried out at 39ЊC in an atmosphere of 5% CO 2 , 10% O 2 , and 85% N 2 .
Fixation and Staining of Oocytes for Determination of Nuclear Maturation
At the end of the 44-h IVM culture period, the cumulus investment was removed by hyaluronidase treatment (247 turbidity reducing units/ml) for 10 min, followed by 4 min of vortexing and by repeated pipetting with a narrow-bore micropipette. The oocytes were mounted on microscope slides with petroleum jelly stripes, covered with glass, and fixed in ethanol-acetic acid (3:1, v/v) for at least 24 h. Staining was performed with 2% orcein in 50% aqueous-acetic acid and 1% sodium citrate. After careful substitution of dye with 40% acetic acid, the samples were observed with a phase-contrast NU Zeiss-Jena microscope (Carl Zeiss, Oberkochen, Germany) and examined for stage of nuclear maturation: GV, early diakinesis (ED), late diakinesis (LD), metaphase I (MI), and metaphase II (MII) [34] .
Processing of Oocytes for Light-Microscopical Autoradiography and TEM
For autoradiography, COCs directly isolated from small, mediumsmall, medium-large, and large follicles (nontreated oocytes) were incubated for 20 min in gas-equilibrated BM-PVA supplemented with 100 Ci/ml of [ 3 H]uridine (specific activity, 40 MBq/mM; Amersham, Little Chalfont, UK). After incubation with the precursor, the oocytes were repeatedly washed in prewarmed PBS. The same procedure was performed with COCs from small, medium-small, and large follicles harvested from BL-I culture (BL-I-treated oocytes) in MIM at 4 and 24 h.
After labeling of newly synthesized RNA, the oocytes were fixed in a mixture of 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.2). Subsequently, the specimens were washed in buffer, postfixed in 1% OsO 4 in 0.1 M cacodylate buffer, embedded in Epon, (Merck, Darmstadt, Germany), and serially sectioned into semithin sections (thickness, 2 m). Every second section was stained with basic to-927 rRNA SYNTHESIS IN PORCINE OOCYTES a The primer pair to detect these mRNAs was first designed from the given homologue sequence, and the product was sequenced. The resulting ''porcinespecific'' sequence was used to create the primer pair employed to detect the transcript of interest. b T ann , annealing temperature.
luidine blue and evaluated by bright-field light microscopy. Selected semithin sections were re-embedded as described by Hyttel and Madsen [35] and processed for ultrathin sectioning (thickness, 70 nm). The ultrathin sections were examined using a Philips CM100 transmission-electron microscope (Philips, Eindhoven, The Netherlands). Neighboring unstained semithin sections were processed for autoradiography for detection of total RNA synthesis and nucleolus-associated RNA synthesis. The sections were coated with Ilford K5 liquid nuclear emulsion (Ilford; Basildon, Essex, UK) and exposed for 6 wk at 4ЊC. Finally, the specimens were developed in Kodak D19 (Kodak, Rochester, NY) at 17ЊC, stained with basic toluidine blue, and evaluated by brightfield and epipolarized light microscopy.
Whole-Mount Immunolabeling of Oocytes
Antibodies. The following primary antibodies were employed: human anti-UBF (kindly provided by Dr. Renate Voigt and Dr. Ingrid Grummt, German Cancer Research Center, Heidelberg, Germany) [36] , rabbit polyclonal antibody against PAF53 (an RNA Pol I-associated factor; kindly provided by Dr. Lawrence Rothblum, Weis Center for Research, Geisinger Clinic, Pennsylvania, PA) [14] , mouse monoclonal anti-p130 (DCS 211.6; kindly provided by Dr. Klaus Hansen, Danish Cancer Society, Copenhagen, Denmark) [37] , and mouse monoclonal anti-pRb (Rb 4H1; Cell Signaling Technology, Beverly, MA).
Immunofluorescence. The COCs from small, medium-small, mediumlarge, and large follicles were denuded by mechanical pipetting, followed by removal of the zona pellucida by 0.5% pronase and fixation in 4% paraformaldehyde PBS immediately on isolation from the follicles. The fixed oocytes were permeabilized for 1 h in PBS containing 1% Triton-X at room temperature, and unspecific antibody binding was blocked for 2 h in PBS supplemented with 5% inactivated goat serum (blocking buffer). Oocytes were subsequently incubated overnight at 4ЊC with the primary antibodies diluted in blocking buffer. The following day, excess primary antibodies were removed by extensive washing in PBS supplemented with 0.1% Triton X-100 and 3 mg/ml of BSA (washing buffer). Subsequently, oocytes were incubated for 2 h at room temperature with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse (Jackson ImmunoResearch Laboratories, West Grove, PA), Texas red (TxR)-conjugated goat anti-rabbit, or Cy-5 conjugated donkey anti-human (Jackson ImmunoResearch Laboratories) antibody diluted in blocking buffer, followed by extensive washing. The immunolabeled oocytes were mounted in Vectashield (Vector Laboratories, Burlingame, CA) containing 1 g/ml of Hoechst 33258 and covered with a coverslip that was fixed to the slide with nail varnish and stored at 4ЊC in the dark. Control immunostaining of unspecific labeling by the secondary antibody was performed by omitting the primary antibodies (data not shown).
Microscopy and image processing. Immunolabeled oocytes were analyzed by a confocal laser-scanning microscopy (TCS SP2; Leica Microsystems, Wetzlar, Germany). The fluorochromes were excited using the appropriate combination of excitation and barrier filters and argon laser lines for FITC (488 nm) and helium/neon lines for TxR (543 nm) and Cy5 (633 nm).
RNA Isolation and RT-PCR
The COCs from small and large follicles were denuded by repeated pipetting with a narrow-bore micropipette immediately after isolation, washed three times in PBS containing 0.1% PVA, and stored individually at Ϫ80ЊC in a minimum volume (Յ5 l) of medium until experimental use. The same procedure was performed with COCs from small and large follicles harvested from BL-I culture (BL-I-treated oocytes) in MM at 24 h.
Before RNA isolation, 1 pg of rabbit globin RNA (Gibco, Invitrogen, Carlsbad, CA) was added to the samples as an internal standard. Subsequently, Poly(A) ϩ RNA was isolated from single oocytes with the aid of Dynabeads (Dynal Biotech, Oslo, Norway), as described previously [38] , and used immediately for RT, which was carried out in a total volume of 20 l using 2.5 M random hexamers (Perkin-Elmer, Vaterstetten, Germany) to get the widest array of cDNA. The RT reaction mixture consisted of 1ϫ RT buffer (50 mM KCl, 10 mM Tris-HCl, pH 8.3), 5 mM MgCl 2 , 1 mM of each dNTP, 20 IU of RNase inhibitor (Perkin-Elmer), and 50 IU of MuLV reverse transcriptase (Perkin-Elmer). The RT reaction was carried out at 25ЊC for 10 min, 42ЊC for 1 h, and then a denaturation step at 99ЊC for 5 min and flash cooling on ice.
The PCR primers were designed from the coding regions of each gene sequence using the Primer 3 software (http://broad.mit.edu/cgi-bin/ primer/primer3 www.cgi). For each pair of gene-specific primers, semilog plots of the fragment intensity as a function of cycle number were used to determine the range of cycle number over which linear amplification occurred, and the number of PCR cycles was kept within this range [38] . Because the total efficiency of amplification for each set of primers during each cycle is not known, such an assay can only be used to compare relative abundances of one mRNA among different samples [39] .
The PCR reaction was performed with a gene-specific cDNA oocyte equivalent and 50 fg of globin RNA in a final volume of 50 l of 1ϫ PCR buffer (20 The PCR program employed an initial step of 97ЊC for 2 min and 72ЊC for 2 min (hot start), followed by different cycle numbers of 15 sec each at 95ЊC for DNA denaturation, 15 or 25 sec at different temperatures for annealing of primers, and 15 sec at 72ЊC for primer extension. The last cycle was followed by a 5-min extension at 72ЊC and cooling to 4ЊC. As negative controls, tubes were prepared in which RNA or reverse transcriptase were omitted during the RT reaction (data not shown). The sequences of the primers used, the annealing temperatures, the gene-specific oocyte equivalents, and the fragment sizes are summarized in Table 1 .
The RT-PCR products were subjected to electrophoresis on a 2% agarose gel in 1ϫ TBE buffer (90 mM Tris, 90 mM borate, 2 mM EDTA, pH 8.3) containing 0.2 g/ml of ethidium bromide. Additional ethidium bromide at the same concentration was added to the running buffer. The image of each gel was recorded using a CCD camera (Quantix; Photometrics, München, Germany) and the IPLab Spectrum program (Scanalytics, Fairfax, VA). The intensity of each band was assessed by densitometry using an image-analysis program (IPLab Gel; Scanalytics). The relative amount of the mRNA of interest was calculated by dividing the intensity of the band for each developmental stage by the intensity of the globin band for the corresponding stage. Experiments were repeated with at least eight oocytes for each mRNA.
The general RNA recovery rate was estimated as the ratio between the intensity of the globin band with and without RNA preparation procedure, starting with an equivalent of 50 fg of globin in the PCR reaction. On average, 46% of poly(A) ϩ -tailed RNA was recovered using our Dynabeads oligo-d(T) mRNA isolation method, which corresponds well with other published yields [40] .
The number of replicates was calculated to get an acceptable repeatability of the assay (0.90). The average repeatability (precision) of the assay varied from 0.60 to 0.70. Therefore, a minimum of 10 replicates had to be performed.
Statistical Analysis
The effects of the different treatments within each individual maturation group were analyzed by the Fisher exact test using pairwise compar-928 BJERREGAARD ET AL. graphs (a, c, e, and g ) and electron micrographs (b, d, f, and h) of nontreated oocytes from small (diameter, 0.4-0.8 mm; a and b), medium-small (diameter, 0.8-1.2 mm; c and d), medium-large (diameter, 1.8-2.2 mm; e and f), and large (diameter, 3-5 mm; g and h) follicles. Note the intense autoradiographic labeling over the nucleolus (arrowheads) in oocytes from small follicles, which decrease with the increase in follicle size (a, c, e, and g) . The electron micrographs show in detail the nucleoli from all size categories. Oocyte nucleoli from small follicles display several fibrillar centers (FC) surrounded by vacuoles (V), dense fibrillar component (DFC), and granular component (GC; b) . In medium-small oocytes, the nucleoli have compacted to fibrillar spheres (FS), in the periphery of which the FCs are partially embedded, often surrounded by small vacuoles (arrowheads; d). In nucleoli from medium-large oocytes, the FCs are further marginalized to cap-like structures on the surface of the FSs, and in oocytes from large follicles, the FSs are more or less devoid of fibrillar centers (f and h). NE, nuclear envelope.
FIG. 2. Light-microscopical autoradio-
isons. Differences of P Ͻ 0.05 were considered to be significant. The software program GraphPad InStat (Version 3.00 for Windows NT; GraphPad Software, San Diego, CA) was used for the statistical calculations.
Relative abundances in the RT-PCR experiments were analyzed using the SigmaStat 2.0 (Jandel Scientific, San Rafael, CA) software package. After testing for normality (Kolmogorov-Smirnov test with Lilliefor correction) and testing for equal variance (Levene median test), an ANOVA followed by multiple pairwise comparisons using the Tukey test was employed. Differences of P Ͻ 0.05 were considered to be significant.
RESULTS

Autoradiography and Ultrastructure
In oocytes of all follicle sizes, the nuclei were located peripherally except for a few oocytes from small follicles, in which they were located more centrally.
Nontreated oocytes. Nontreated oocytes from small follicles (diameter, 0.4-0.8 mm; n ϭ 5) displayed intensive autoradiographic labeling over nucleoplasm and nucleoli (Fig. 2a) . The nucleoli were spherical and fibrillogranular, and they contained several FCs and vacuoles embedded in a DFC and a GC (Fig. 2b) .
The nuclei in oocytes from medium-small follicles (diameter, 0.8-1.2 mm; n ϭ 5) displayed intensive autoradiographic labeling over the nucleoplasm, whereas the nucleoli were only partially labeled (Fig. 2c) . The nucleoli appeared as compacted spheres of densely packed fibrils, in the periphery of which the FCs were partially embedded and often surrounded by small vacuoles (Fig. 2d) .
The nuclei in oocytes from medium-large follicles (diameter, 1.8-2.2 mm; n ϭ 5) displayed decreased autoradiographic labeling over both nucleoplasm and nucleoli (Fig.  2e) . Moreover, the FCs were observed as cap-like structures on the surface of the compact fibrillar spheres (Fig. 2f) .
The nuclei in oocytes from large follicles (diameter, 3-6 mm; n ϭ 5) did not display autoradiographic labeling (Fig. 2g) . The nucleoli had developed into compact fibrillar spheres more or less devoid of FCs (Fig. 2h) .
BL-I-treated oocytes. In BL-I treated oocytes, cumulus expansion did not occur, and in particular, after 24 h of The electron micrographs show in detail the nucleoli from all size categories. In oocytes from small follicles after 4 h of treatment with BL-I, the nucleoli present several more or less irregular vacuoles (V) and a granular component (GC), whereas the fibrillar components are condensed to electron-dense structures (arrowheads; d). After 24 h, the nucleoli are completely disintegrated, and larger areas of different electron density (arrowheads) are scattered in the nucleoplasm (g). In oocytes from medium-small follicles, the nucleoli by and large resemble those of the oocytes from small follicles after 4 h of treatment (e), and this nucleolus morphology is more or less maintained until 24 h of culture (h). Nucleoli from medium-large follicles are compacted to electron-dense fibrillar spheres (FS) after 4 h, with condensed electron-dense fibrillar centers (arrowheads) on the surface (f). After 24 h, the nucleoli display a central sphere of densely packed fibrils (FS) surrounded by electron-dense material (i). NE, nuclear envelope.
culture with BL-I, pronounced undulation of the nuclear envelope was observed (Fig. 3, a-c) . None of the oocytes (n ϭ 60) showed autoradiographic labeling after 4 h (data not shown) or 24 h (data not shown) of incubation with 100 M BL-I. Moreover, the ultrastructure of the nucleoli differed significantly from that observed in the nontreated oocytes.
In oocytes from small follicles treated for 4 h with BL-I (n ϭ 8), the nucleoli were spherical and presented several more or less irregular vacuoles of varying sizes (Fig. 3d) . The GC of the nucleoli could still be detected, whereas the fibrillar portions (DFC and FCs) apparently had condensed to electron-dense structures. After 24 h (n ϭ 8) of incubation, the nucleoli had completely disintegrated, and structures of varying electron-density were scattered around in the nucleoplasm (Fig. 3g) .
In oocytes from medium-small follicles treated for 4 h with BL-I (n ϭ 8), the nucleoli by and large resembled those of the oocytes from small follicles (Fig. 3e) . However, in contrast to small follicles, the oocytes from mediumsmall follicles maintained this nucleolus morphology even after 24 h (n ϭ 10) of culture (Fig. 3h) . (19) 11 (58) In oocytes from large follicles treated for 4 h with BL-I (n ϭ 10), the nucleoli appeared as compact, electrondense fibrillar spheres (Fig. 3f) . Condensed electron-dense FCs were located on the surface. However, the nucleoli in 3 of 10 oocytes were disintegrated after 24 h of culture. The remaining seven oocytes displayed nucleoli composed of a central sphere of densely packed fibrils surrounded by electron-dense material (Fig. 3i) .
Reversibility of BL-I-Induced Arrest
To study the reversibility of BL-I-induced arrest, oocytes from small, medium-small, and large follicles were cultured for 24 h in MIM, followed by 44 h of maturation in normal MM. As a control, oocytes from the same follicle size categories were directly submitted to 44-h IVM culture. In oocytes from small follicles, a significant number of control oocytes had progressed into ED compared to the BL-I-treated oocytes (Table 2) . Both control and BL-1-treated oocytes from medium-small follicles had entered diakinesis. However, 86% of the control oocytes were in LD, whereas only 29% BL-I-treated oocytes had entered this developmental stage. The majority (90%) of the control oocytes from large follicles had progressed to MII, whereas none of the corresponding BL-I-inhibited oocytes had reached MII.
Whole-Mount Immunolabeling of Oocytes
Localization of p130, UBF, and PAF53 (the associated factor of RNA Pol I) to the nuclei of oocytes in all size categories was investigated by immunocytochemistry. In general, p130 localization was characterized by a diffuse pattern, whereas PAF53 and UBF were localized to foci of different sizes that were either scattered or clustered. Moreover, UBF and PAF53 were colocalized in all size categories, whereas pRb was immunocytochemically undetectable in all size categories. Localization of labeling is referred to as nucleolar (in the presumptive nucleolus) or nucleoplasmic (outside the nucleolus in the surrounding nucleoplasm). These results are summarized in Table 3 and illustrated in Figure 4 .
In oocytes from small follicles, UBF (n ϭ 55) and PAF53 (n ϭ 25) were colocalized to deeply located nucleolar foci of different sizes and of varying numbers (Fig. 4,  a and e) . However, the pocket protein p130 (n ϭ 30) was exclusively localized to the nucleoplasm (Fig. 4i) .
In oocytes from medium-small follicles, UBF (n ϭ 65) and PAF53 (n ϭ 20) were predominantly located to large nucleolar foci (Fig. 4, b and f) . The p130 (n ϭ 35) was predominantly localized to the nucleolus, where it became colocalized with UBF, at least in the periphery of the UBF foci (Fig. 4j) .
In oocytes from medium-large follicles, UBF (n ϭ 40) and PAF53 (n ϭ 20) were observed at foci toward the nucleolar periphery, and the number of foci had decreased (Fig. 4, c and g ). The p130 (n ϭ 20) was again predominantly localized to the nucleoplasm (Fig. 4k) . However, some colocalization with UBF in the periphery of the foci could still be observed.
In oocytes from large follicles, UBF (n ϭ 50) and PAF53 (n ϭ 20) were colocalized to a few peripheral nucleolar foci and to small nucleoplasmic foci (Fig. 4, d and h ). Moreover, PAF53 was undetectable in 25% of the analyzed oocytes. The p130 (n ϭ 30) was exclusively localized to the nucleoplasm, as in oocytes from small follicles (Fig.  4l) .
mRNA Expression of Nucleolar-Related Proteins
To analyze whether the proteins involved in rRNA synthesis were regulated at the mRNA level during oocyte growth, we examined the relative abundance of gene transcripts by a semiquantitative RT-PCR assay in oocytes from 8 mm; a, e, and i) , medium-small (diameter, 0.8-1.2 mm; b, f, and j), medium-large (diameter, 1.8-2.2; c, g, and k), and large (diameter, 3-5 mm; d, h, and l) follicles immunolabeled with antibodies against nucleolar proteins UBF (a-d), PAF53 (e-h), and UBF/p130 (i-l; UBF, red; p130, green; colocalization, yellow). The intensity of the fluorescent signals does not express the abundance of the proteins. Note that UBF and p130 are colocalized in oocytes from medium-small follicles and, to some degree, medium-large follicles. The first two rows display the same oocytes immunostained with UBF (first row) and PAF53 (lower row). The last row displays different oocytes coimmunostained with UBF and p130.
FIG. 5.
Representative gel photograph of a semiquantitative RT-PCR analysis of genes involved in rRNA synthesis: UBF, PAF53, and p130. The internal standard, globin, is shown next to these genes. Each lane represents the RT-PCR product derived from polyA ϩ RNA from the oocyte equivalents listed in Table 1 . For each gene, the RT-PCR product is shown in oocytes from small (S) and large (L) follicles.
small (n ϭ 80) and large (n ϭ 80) follicles. The mean value, from 8 to 12 replicates, of the relative abundance of gene transcripts was calculated. A representative gel photo of the mRNA expression of UBF, PAF53, and p130 is shown in Figure 5 .
Nontreated oocytes. The relative abundance of UBF mRNA was unaffected during oocyte growth (0.4 Ϯ 0.09 [mean Ϯ SEM] in oocytes from small follicles and 0.4 Ϯ 0.15 in oocytes from large follicles). However, the relative abundance of PAF53 was significantly decreased (P ϭ 0.013) from 3.0 Ϯ 0.42 (small follicles) to 1.5 Ϯ 0.37 (large follicles).
The relative abundance of p130 mRNA was similarly low in oocytes from small (0.19 Ϯ 0.05) and large (0.14 Ϯ 0.04) follicles. The mRNA expression of the other pocket protein, pRb, was also examined, but it was undetectable in RNA isolated from one oocyte equivalent. In pools of five oocytes, the relative abundance of pRb expression was I) . In growing oocytes, UBF and PAF53 are localized to numerous fibrillar centers in the nucleolus, where rRNA synthesis occurs. The p130 is exclusively localized to the nucleoplasm (light green). In oocytes approaching the end of growth phase, p130 is targeted to the nucleolus (dark green), where it becomes colocalized (yellow), especially at the periphery of the fibrillar centers, with and inactivates UBF. Concomitantly, the transcription of PAF53 is downregulated. In fully grown oocytes, p130 reassumes a nucleoplasmic localization and is excluded from the nucleolus. The UBF is still localized to the fibrillar centers at the periphery of the nucleolus but no longer needs to be inactivated by p130, because the cellular content of PAF53 is significantly reduced. The rRNA genes are shown in dark blue.
detectable, and no significant difference was observed between oocytes from small (3.2) and large (2.3) follicles.
BL-I-treated oocytes. We were unable to detect mRNA of UBF in oocytes from either small (n ϭ 10) or large (n ϭ 10) follicles that had been treated with 100 M BL-I for 24 h. Similarly, the relative abundance of PAF53 mRNA was significantly decreased in oocytes from small (n ϭ 10; from 3.0 Ϯ 0.42 to 0.80 Ϯ 0.09; P ϭ 0.001) and large follicles (n ϭ 10; from 1.5 Ϯ 0.37 to 0.39 Ϯ 0.09; P ϭ 0.027) when treated with BL-I. Moreover, as in nontreated oocytes, the relative abundance in oocytes from small follicles was significantly higher (P ϭ 0.009) compared to oocytes from large follicles. Finally, the relative abundance of p130 in oocytes from small (n ϭ 6; 0.29 Ϯ 0.2) and large oocytes (n ϭ 6; 0.28 Ϯ 0.2) was comparable to the levels found in nontreated oocytes.
DISCUSSION
Results of the present study revealed, to our knowledge for the first time, insight regarding the complex and wellorchestrated pattern of rRNA transcription and processing in porcine oocytes at different stages of follicular development. The activity of RNA synthesis decreases gradually as the oocyte reaches full size and becomes meiotically competent. Concomitantly, the oocyte nucleolus changes from being fibrillogranular, with several FCs and vacuoles embedded in a DFC and a GC, to becoming less vacuolated, with marginalized FCs and compaction of the remaining portions to a sphere of densely packed fibrils without recognizable nucleolar ultrastructure.
During oocyte growth, UBF and the RNA Pol I-associated factor PAF53 were colocalized and displayed nucleolar localization. In growing oocytes, UBF and PAF53 were concentrated in foci localized deeply in the nucleolar compartment, and with the completion of growth, these foci moved toward the nucleolar periphery. According to previous localization of UBF and RNA Pol I to the FCs of the nucleolus [41] [42] [43] , the labeled foci probably represent FCs, in accordance with the ultrastructural demonstration of the peripheral movement of these structures.
The so-called pocket proteins pRb and p130 are potent suppressors of cell growth and proliferation that act by modulating transcription [24, 25] . It was discovered that pRb represses transcription of the rRNA genes, presumably by inactivating RNA Pol I [44] . Later, it was found that both p130 and pRb more specifically inhibit rRNA gene transcription by preventing UBF from interacting with the selectivity factor SL-1, which in turn blocks the formation of the transcription initiation complex [26] [27] [28] [29] . In agreement with this observation, accumulation of pRb in the nucleoli of confluent fibroblasts correlates with a decrease in rRNA synthesis [27] . Moreover, p130 and pRb display functional overlap in downregulating rRNA synthesis in somatic cells, because the RNA Pol I transcription was unaffected in pRb-knockout fibroblasts but was abnormally elevated in pRb/p130 double-knockout fibroblasts [26] . Our data suggest that p130, but not pRb, is involved in downregulation of rRNA synthesis at the end of oocyte growth. In growing porcine oocytes, p130 was exclusively located in the nucleoplasm. However, at the end of the growth phase, double-immunostaining of UBF and p130 revealed structural colocalization of the proteins, because p130 was found at the periphery of the nucleolar UBF foci. This colocalization likely is causally involved in the downregulation of rRNA synthesis at the end of oocyte growth.
On cell-cycle arrest in somatic cells, the decrease in rRNA synthesis correlates with a decrease in the cellular content of PAF53, whereas the cellular content of UBF does not change [27] . Therefore, we analyzed the mRNA expression of PAF53 and UBF during the growth of porcine oocytes by semiquantitative RT-PCR. Our data show that the mRNA and protein levels of UBF remained unchanged during growth of porcine oocytes. However, the mRNA expression of PAF53 was significantly decreased, an effect that may also be detectable at the protein level, because PAF53 could not be detected in 25% of the fully grown oocytes. These data also indicate that the downregulation of PAF53 may play an important role during inactivation of rRNA synthesis at the end of oocyte growth.
Despite differences in the ultrastructure of nucleoli in GV oocytes compared to nucleoli of cycling somatic cells, the molecular organization of the rRNA synthesis and processing machinery are apparently comparable. In mouse oocytes, downregulation of rRNA gene transcription at the end of oocyte growth is not associated with physical detachment of the RNA Pol I transcription complex from its binding site at the nucleolus organizer regions but, rather, is caused by regulation of the activity of proteins (e.g., UBF) involved in forming the transcription initiation complex [45] .
Based on the present data, we propose the following model for downregulation of rRNA gene transcription at the end of the porcine oocyte growth phase (Fig. 6) . In growing oocytes, UBF and the RNA Pol I-associated factor, PAF53, are localized to numerous FCs in the nucleolus, where rRNA synthesis occurs. The p130 is exclusively localized to the nucleoplasm. In oocytes approaching the end of the growth phase, p130 is targeted to the nucleolus, where it becomes colocalized with and inactivates UBF and, thus, rRNA synthesis. Concomitantly, transcription of PAF53 is downregulated. Subsequently, the FCs become fewer, larger, and finally, marginalized. Partial colocalization of UBF and p130 may still be seen. In fully grown oocytes, p130 reassumes a nucleoplasmic localization and is excluded from the nucleolus. The UBF is still localized to the FCs on the periphery of the nucleolus. However, it no longer needs to be inactivated by p130, because the 933 rRNA SYNTHESIS IN PORCINE OOCYTES cellular content of messengers encoding PAF53 is significantly reduced. Finally, the FCs may form fragments that spread in the nucleoplasm.
Various agents, such as BL-I and roscovitine, have been shown to inhibit GVBD in bovine [31, 46, 47] and porcine oocytes [48, 49] . In bovine oocytes, 24 h of incubation with 100 M BL-I was reversible; 95% of the blocked oocytes were able to resume meiosis and progress to MII after removal of the drug [32, 50] . In porcine oocytes, one study showed that 24-h inhibition with 100 M BL-I resulted in a reduced rate (25%) of oocytes, which were subsequently able to mature to MII [51] . However, another study, which only analyzed the reversibility of 12.5 M BL-I, showed that oocytes inhibited for 20 h with 12.5 M BL-I, followed by 24 h of normal IVM, reached MII at levels similar to those of untreated oocytes [33] . Because this latter study was reported after the initiation of our experiments, we employed a concentration of 100 M BL-I for inhibition in prolongation of previous experiments in our laboratory [51] .
Our data show that 24-h incubation with 100 M BL-I has a detrimental effect on GVBD during subsequent IVM of porcine oocytes regardless of whether they were growing or had completed their growth phase. These data support the notion that porcine oocytes are more sensitive than bovine oocytes to BL-I. Moreover, we found that BL-I severely affected the ultrastructure of the oocyte nucleoli. The changes of the nucleolar ultrastructure very likely inhibited the rRNA synthetic capability, because the fibrillar components, where rRNA transcription and initial processing occur, condensed to electron-dense, inactive structures or even disintegrated. The RT-PCR data further support the severe effect of BL-I, because mRNA expression of UBF was undetectable in treated oocytes. Likewise, the mRNA expression of PAF53 was significantly reduced in BL-Itreated oocytes compared to nontreated oocytes. However, as in nontreated oocytes, the PAF53 mRNA expression in BL-1-treated specimens was still higher in growing than in fully grown oocytes. Moreover, the p130 mRNA expression in BL-1-treated oocytes was unaffected by the BL-I treatment. This latter fact indicates that the induced reduction of the messengers encoding PAF53 and UBF is not caused by unspecific RNA degradation but, rather, by specific regulation of gene expression. Finally, it should be stressed that we cannot exclude the idea that the described detrimental effect of BL-I is based on toxic effects resulting from the relatively high concentration (100 M) employed.
The GVBD of oocytes is accompanied by a major occurrence of protein phosphorylation in several species, including Xenopus [52] , mice [53] , sheep [54] , goat [55] , and cattle [56] . The cdk1, which is the catalytic subunit of the maturation-promoting factor (MPF), is activated in association with this burst of phosphorylation, and resumption of meiosis is controlled by the MPF complex of cdk1 and cyclin B [57] . Moreover, prevention of GVBD and meiotic cell-cycle arrest induced by BL-I and roscovitine has been shown to be mediated through inhibition of activation of MPF [51, 58] . However, BL-I inhibits not only GVBD but also rRNA synthesis, and this may be through separate mechanisms.
Differential phosphorylation of UBF is emerging as a focal point for cell cycle-dependent oscillations of rRNA synthetic activity. Transcriptional silencing in quiescent or serum-deprived somatic cells correlates with hypophosphorylation of UBF, and phosphorylation of UBF increases in conjunction with the increase in rRNA gene transcription [36, 59, 60] . Moreover, dephosphorylation of UBF completely abolishes binding of UBF to SL-1 and prevents transcriptional activation of rRNA genes [22] . Additionally, the UBF activity is cell-cycle regulated via cdk phosphorylation, and the cdk-mediated phosphorylation of UBF is required for interaction with SL-1 and correlates with activation of rRNA synthesis [23, 61, 62] . Consequently, because BL-1 inhibits cdk, the BL-I-induced inhibition of rRNA synthesis that we observed in the porcine oocytes likely is caused by dephosphorylation and resulting inactivation of UBF. Moreover, the activity of UBF can, as alluded to before, be altered by interaction with other proteins. Data from somatic cells show that hypophosphorylated, active pocket proteins bind to UBF [27] . Because BL-I-induced inhibition of cdk might lead to an increase in hypophosphorylated p130, this likely would lead to an increased association between UBF and p130, thereby preventing UBF from binding to SL-1 to form the transcription initiation complex. Therefore, it would be interesting to analyze the phosphorylation status of UBF and p130 during oocyte growth and the possible interaction between UBF and p130.
In conclusion, the present results indicate that the pocket protein p130 is involved in downregulation of rRNA transcription at the end of oocyte growth via interaction with UBF. Synthesis of rRNA is further regulated by a decrease in the expression of mRNA encoding the RNA Pol I-associated factor PAF53. At the ultrastructural level, these molecular changes are paralleled by marginalization of the FCs of the oocyte nucleolus, followed by compaction to an inactive sphere of fibrils. Additionally, meiotic inhibition by the cdk-inhibitor BL-I, in concentrations that allow for development in cattle, has a detrimental effect on the nucleolus morphology in porcine oocytes as well as on the competence of the gametes to resume meiosis. Moreover, the mRNA expression of UBF and PAF53 was significantly reduced or even absent, whereas the relative abundance of mRNA encoding p130 was unaffected by BL-I inhibition.
